IMPORTANCE Thermodilution (Td) and estimated oxygen uptake Fick (eFick) methods are widely used to measure cardiac output (CO). They are often used interchangeably to make critical clinical decisions, yet few studies have compared these approaches as applied in medical practice.
A ccurate measurement of cardiac output (CO) is central to diagnosis, management, and definition of prognosis across a diverse range of medical contexts. Cardiac output measurement is most commonly performed using either the thermodilution (Td) technique or the estimated oxygen uptake Fick (eFick) method. [1] [2] [3] [4] [5] The accuracy of eFick hinges on correctly estimating oxygen consumption (V O 2 ). The V O 2 estimates, and consequently eFick CO, are particularly prone to error in the setting of pulmonary hypertension, heart failure, or abnormal body habitus. [6] [7] [8] [9] The accuracy of Td CO, where a thermal registering device measures changes in temperature distal to proximal injection of saline with known temperature and volume, can be confounded in the presence of an intracardiac shunt or tricuspid regurgitation. 10-14 Discrep- ancies in CO estimates between methods are common and may be associated with diagnostic misclassification. 15 Imprecise CO measurements have ramifications for a wide range of clinical decision making. 8, [16] [17] [18] [19] However, there are few data, to our knowledge, comparing the performance of Td and eFick against clinical end points, such as mortality.
Research comparing CO measurement techniques has focused on experimental validity in highly selected study samples. 5, 12, 14, 15, 20 Neither the agreement between Td and eFick CO nor the comparative prognostic value of these methods as applied in clinical practice is known to date. To bridge this knowledge gap, we systematically analyzed correlation and agreement between Td and eFick, as well as the association of each method with survival in 2 independent, large patient cohorts. This study aimed to address the pressing need for an evidence-based approach to clinical measurement of CO, with important implications for patients with cardiopulmonary disease, sepsis, and other disorders.
Methods

Data Sources
The Veterans Affairs Clinical Assessment, Reporting, and Tracking (VA CART) program uses a software application embedded in the VA electronic health record (EHR) for documentation of catheter laboratory procedures. Key patient and procedural data on cardiac catheterizations conducted in the 76 VA catheter laboratories nationwide are linked to the VA EHR. 21 Quality checks are performed regularly to ensure completeness and accuracy. Additional details have been described previously. 21, 22 Particulars of the hemodynamic cohort at Vanderbilt University, an academic referral center, are included in the eMethods in the Supplement and elsewhere. 23, 24 The Colorado Multiple Institutional Review
Board approved this study, and a waiver of the requirement for written informed consent was granted.
Study Sample
We evaluated all US veterans undergoing right heart catheterization (RHC) in the VA system between October 1, 2007, and September 30, 2013. Patients were included in the analyses if the following were available from a single RHC: height, weight, Td CO estimate, eFick CO estimate, and mean pulmonary artery pressure. For each individual included in the analysis, all hemodynamic data were extracted from the same catheterization. For patients who underwent multiple RHCs during the study period, only hemodynamic and clinical data from the earliest qualifying study were analyzed. For CO, mean pulmonary artery pressure, and pulmonary artery wedge pressure, a small proportion of physiologically implausible values were observed and were either corrected based on ancillary data or were excluded; the internal consistency of hemodynamic data was confirmed as described in a previous study.
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Analysis of correlation and agreement between Td and eFick estimates included all patients who fulfilled the above criteria (n = 12 232). Analysis comparing outcomes between those with a low cardiac index (CI) and those with a normal CI excluded patients with elevated Td or eFick CI (>4.0 L/min/m 2 based on prior data on the range of normal CI) 25 because an elevated CI may also reflect abnormal pathophysiology associated with increased risk, such as sepsis, severe anemia, cirrhosis, or other high CO disease states. There was no indication of the timing of the CO measurements during the catheterization relative to interventions performed, so we excluded patients who underwent procedures that could be associated with substantial changes in CO and also with mortality, including intra-aortic balloon pump placement, temporary pacemaker insertion, aortic or mitral valvuloplasty, pericardiocentesis, or alcohol septal ablation. Overall, 806 of the 12 232 patients (6.6%) were excluded from the survival analysis for one of these reasons. Therefore, survival analysis was performed on a sample of 11 426 patients from the VA CART cohort. The approach for the Vanderbilt cohort was similar, with details provided in the eMethods in the Supplement. The overall Vanderbilt cohort comprised 3391 patients of whom 3197 were included in the survival analysis.
Calculation of CI
A single CO estimate for each of the methods, Td and eFick, was recorded directly in the database (ie, the analysis used the recorded values rather than values calculated from component variables). Cardiac index was calculated by dividing either the Td or eFick CO estimate by body surface area calculated using the Du Bois formula.
Key Points
Question Which commonly applied method to measure cardiac output, thermodilution or Fick using estimated oxygen consumption, performs better in routine clinical practice?
Findings Among more than 15 000 adults in this cohort study who underwent right heart catheterization, thermodilution and estimated Fick cardiac output measurements agreed poorly, with estimates differing by greater than 20% in well over one-third of patients. Thermodilution estimates of cardiac output were more strongly associated with mortality than estimated Fick cardiac output estimates.
Meaning Thermodilution and estimated Fick cardiac output estimates should not be considered interchangeable; thermodilution is preferable for most situations in clinical practice. . As a consequence, for this cohort, we compared patients in the lowest tertile of CI for each method with those in the upper 2 tertiles; this cut point was chosen to provide a similar proportion of low CI to that seen in the VA CART cohort for each group. For each cohort, differences in baseline clinical and hemodynamic characteristics between the 4 resulting CI categories were analyzed using analysis of variance for continuous variables or using χ 2 test for categorical variables. Cumulative incidence (ie, 1 minus Kaplan-Meier survival estimate) curves were created with mortality as an outcome and stratified by CI status. Time to event data for the outcome measures of all-cause mortality were analyzed using Cox proportional hazards regression models accounting for clustering by RHC site using a random effect (ie, a frailty model). Details are given in the eMethods in the Supplement.
Statistical Analysis
To assess the relationship between mortality and continuous CI (in contrast to categorical CI), a penalized spline function was used, with separate models run for continuous CI calculated by Td or eFick. These models were replicated with both 90-day and 1-year censoring.
Data preparation and analyses were conducted using SAS (version 9.4; SAS Institute Inc) and R (version 3.2.5; R Foundation for Statistical Computing). A 2-sided P < .05 was considered statistically significant.
Results
Study Sample Characteristics
A total of 12 232 VA patients met study entry criteria. Demographic, anthropometric, and clinical characteristics of the cohort are listed in Table 1 (column on the left). The study participants were predominantly male (11 834 patients [96.7%]), with a mean (SD) age of 66.2 (10.0) years. There was a high prevalence of systemic hypertension (87.2%), congestive heart failure (56.4%), diabetes (45.8%), chronic obstructive pulmonary disease (33.2%), chronic kidney disease (28.5%), and liver cirrhosis (7.2%). Left heart catheterization was performed at the time of RHC in 8006 patients (65.5%).
Correlation and Agreement Between Td and eFick CO Estimates
The mean (SD) CO by Td and eFick was 5.3 (1.7) and 5.3 (1.6) L/min, respectively. The mean (SD) CI was 2.5 (0.7) L/min/m 2 for both methods. Correlation and agreement between methods were similar for CO and CI; therefore, only data for CI are presented. Correlation between methods was modest (r = 0.65). There was no important systematic difference for eFick relative to the mean value of Td and eFick estimates (−0.02 L/min/m 2 , or −0.4%). However, agreement between the 2 methods was less favorable, with 95% limits of agreement of −1.31 to 1.27 L/min/m 2 ,or−50.1%to49.4% (Figure 1) . Thermodilution and eFick estimates differed by greater than 20% for 38.1% of the catheterizations. The eFick estimates were slightly higher than the Td estimates at the lower end of the CO range (CI<2 L/min/m 2 ) and at the higher end of the CO range (CI>4.0 L/min/m 2 ) (eFigure 1 in the Supplement). Subgroup analysis identified specific patient subsets in which there appeared to be systematic difference between the 2 methods. We observed that eFick CI estimates were on average greater than Td CI estimates for patients older than 75 years, while the converse was true for those 65 years or younger (eFigure 2 in the Supplement). Other variables exhibiting significant difference between CI methods included body mass index category, body surface area, hemoglobin concentration, and oxygen saturation. There was also a modest difference of 0. ) when measured by Td and eFick was present in 4347 patients (38.0%) and 4366 patients (38.2%), respectively. Overall, 24.2% of patients had a low CI by both methods, and 47.9% of patients had normal CI by both methods. We observed that 14.0% had low eFick but a normal Td CI, while the remaining 13.9% had low Td but normal eFick CI (Table 1) . Certain characteristics were associated with increased likelihood of normal eFick with a low Td CI, including older age, male sex, normal or overweight BMI, atrial fibrillation or flutter, chronic kidney disease, and lower hemoglobin concentration. However, there was no difference in the prevalence of tricuspid valve disease between the discordant groups. A clinically meaningful difference was not observed between the mean eFick CI estimates in low eFick groups (1.8 L/min/m 2 for both Td and eFick low vs 1.9 L/min/m 2 for eFick low and Td normal), and similar findings were observed for the 2 groups with low Td estimates ( Table 1) . Therefore, discordant groups do not appear to simply reflect patients with borderline CI values.
Relationship Between CO and Mortality
One-year mortality was lower among patients with a concordant normal CI by both methods compared with those who had a low CI by both methods (12.3% vs 19.9%, P < .001). Those classified as having discordant estimates but with a normal CI by Td had essentially the same mortality as a concordant normal CI (12.9%, P = .51); those with discordant estimates where eFick suggested normal CI had higher mortality (15.4%, P = .001). The pattern was similar for 90-day and 1-year mortality ( Figure 2A ) and in the Vanderbilt cohort ( Figure 2B ); cumulative incidence plots are shown in eFigure 3 in the Supplement. For the study sample taken as a whole, there was no improvement in predictive power with the measurement of CI by both methods compared with Td alone. The C statistic for a Cox proportional hazards regression model that included only continuous Td CI as a predictor variable for mortality over 90 days was 0.587; the equivalent value for continuous eFick CI was 0.548. There was no improvement in overall model performance when both Td and eFick were included in the same model (0.584; likelihood ratio χ 2 = 0.03, P = .87). The pattern was equivalent for 1-year mortality (C statistic, 0.566 for Td alone, 0.547 for eFick alone, and 0.566 for both; P = .12). Analyzing the data simply stratified by a CI less than 2.2 L/min/m 2 , patients with a low CI had a higher risk of mortality compared with patients with a normal CI. This was true for both methods, but the relationship was stronger for Td CI than eFick CI ( Table 2 and Figure 3A and B); equivalent data for the Vanderbilt cohort are provided in Table 2 and Figure 3C and D. This finding was consistent among all subgroups analyzed (see eFigure 2 in the Supplement for a list of subgroups). Even among patients with tricuspid valve disease, low Td CI was more strongly associated with mortality than low eFick CI (hazard ratio [HR] for 90-day mortality, 3.4; 95% CI, 1.4-8.0 for Td vs 1.8; 95% CI, 0.8-3.9 for eFick).
The hazard for mortality appeared to increase for both methods at a CI just under 2.2 L/min/m 2 , with substantially higher risk of mortality as CI decreased below 2 L/min/m 2 (eFigure 4 in the Supplement). Very low Td CI estimates (<1.6 L/min/ m 2 ) were associated with a greater incremental increase in risk than similarly low eFick CI estimates. There was also a suggestion of slightly increased risk for eFick CI estimates at the upper part of normal range (CI approximately 3-4 L/min/m 2 ). This U-shaped relationship was absent for Td estimates.
Vanderbilt Cohort
Characteristics of the 3391 patients included in the independent Vanderbilt University hemodynamic cohort are listed in the eTable in the Supplement. The mean (SD) CO by Td and eFick, respectively, was 5.0 (1.6) and 5.6 (1.8) L/min. The respective corresponding mean (SD) values for CI were 2.6 (0.8) and 2.8 (0.9) L/min/m 2 . Data presented below are on CI; the results for CO were similar. Correlation between the 2 methods was modest (r = 0.63). In contrast to the VA CART cohort, there was a systematic difference between methods, with eFick, on average, estimating CI 0.3 L/min/m 2 (9.3%) greater than Td (eFigure 5 in the Supplement). Agreement between the 2 methods was poor, similar to that seen in the VA CART cohort, with 95% limits of agreement of − 
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systematic difference between methods in this cohort; as a result, we grouped patients into lowest tertile vs second and third tertiles for each method to yield a proportion of low CI similar to the VA CART analysis. The 2 methods showed concordance in terms of low vs normal CI in 74.0% of cases (19.8% for both low and 54.2% for both normal) and showed discordance in the remaining 26.0%, evenly split 13.0% each for eFick low and Td normal and eFick normal and Td low (eTable in the Supplement). Patients who had concordant normal CI by both methods were less likely to die over the following year (15.0%) compared with those who had a low CI by both methods (28.5%). Those classified as discordant but with a normal CI by Td had marginally higher mortality compared with a concordant normal CI (16.9%); however, those with discordant estimates where the eFick CI was normal had substantially higher 1-year mortality (20.6%). The pattern was similar for 90-day mortality ( Figure 2B and eFigure3BintheSupplement).
A finding of low a CI by either method was associated with higher mortality, but a low CI by Td was a stronger predictor. These results are summarized in Table 2 and Figure 3C and D.
Discussion
Measurement of CO is critical to appropriate clinical assessment of patients across a broad spectrum of disease commonly encountered in general medical practice. The present analysis of invasive clinical hemodynamic data from a large, national cohort with validation of the findings in a second, independent cohort demonstrates that (1) there is poor agreement between CO measured by Td and eFick methods and (2) Td CO estimates are superior to eFick for predicting all-cause mortality.
Prior reports comparing methods to estimate CO have generally involved applying a rigorous research protocol to a small number of highly selected individuals.
14,20,29-31 Reported pre- Shown are the proportions of patients with a given absolute difference between Td and eFick estimates (A). Shown is a Bland-Altman plot of the mean of the Td and eFick CI estimates on the x-axis against the difference (eFick minus Td) on the y-axis (B). Shown are the percentage differences between Td and eFick estimates (C).There was no substantial systematic difference between Td and eFick, but the 95% limits of agreement were wide (−1.31 to 1.27 L/min/m 2 ,or −50.1% to 49.4%) (D).
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Original Investigation Research jamacardiology.com (Reprinted) JAMA Cardiology October 2017 Volume 2, Number 10cision and accuracy are unlikely to be reproduced in usual clinical practice. Such experimental studies may not be able to identify patient subsets at risk for measurement error, and they do not address the relative value of different methods to predict clinical outcomes. The present study provides novel information on real-world testing in 2 large, independent, clinical cohorts with follow-up that included ascertainment of tangible clinical end points. There are multiple reasons one might expect that Td estimates would be superior to eFick estimates. First are the known rect Fick (ie, using measured V O 2 ) estimates remains robust even in these scenarios. The findings from the present data sets agree with that assertion because we found only a small difference between Td and eFick in either of these settings. Notably, eFick was not significantly associated with mortality at 90 days in the presence of tricuspid regurgitation, whereas Td remained predictive. While Td may be affected by other variables, including the timing of injection during the respiratory cycle and the volume and temperature of injectate, 32,33 Td proved more predictive of mortality than eFick. Overall, our study lends further support to recent consensus statements suggesting that Td rather than eFick alone should be the preferred method to measure CO in clinical practice.
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These data argue that eFick CI measurements provide no substantive additive prognostic value beyond Td CI among the global population of patients undergoing cardiac catheterization. However, one could interpret the results to suggest that, while Td alone may be superior to eFick alone, the methods may provide additive information, at least among the subset of patients with a low Td CI. In that subgroup, those who had normal eFick CI had lower mortality compared with the group having concordantly low CI estimates. Of note, adjustment for demographic, anthropometric, and clinical covariates reduced the difference in prognostic value between Td and eFick. Adjustment for variables like age, sex, and body mass index may serve to improve, indirectly, the accuracy of V O 2 estimates and act to ameliorate the resulting error as it relates to the relationship between eFick CO and outcomes. Cardiac output is measured in clinical practice primarily to define patho- Patients with low CI (<2.2 L/min/m 2 ) in the VA cohort had a higher incidence of death than those with normal CI, whether estimated by eFick (A) or Td (B). However, the relative hazard for mortality and model fit was better for Td CI. C and D, Equivalent plots are presented for the Vanderbilt cohort, stratifying CI by lowest tertile vs second and third tertiles. The solid and dotted line in each plot represents the cumulative mortality for those with low and normal CI, respectively. Gray area reflects the 95% confidence interval.
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Conclusions
There is only modest agreement between Td and eFick CO estimates. In the setting of a low CI, Td predicts incident mortality better than eFick alone and should be favored in clinical practice. 
eMethods. Supplemental Methods
Supplemental Description of Statistical Approach
For Bland-Altman analysis, the difference between the estimates, eFick-Td, was plotted against the mean of the 2 values; mean difference and 95% limits of agreement (LOA) were identified. We repeated assessment of mean difference and 95% LOA for pre-specified clinical subgroups to determine if there was a systematic difference in estimates for subsets of patients (e.g., Td providing lower estimates in patients with tricuspid valve disease). Mean difference refers to the average difference between CI estimates for the overall cohort; 95% limits of agreement signify upper and lower bounds within which the difference between eFick and Td measurements for a given patient will fall 95% of the time (the difference will be more extreme in 5% of cases).
As an adjunct to the Bland-Altman plots, a generalized additive mixed effect model with average CI (average of eFick and Td) as the predictor and difference between eFick and Td as the outcome variable was fit to assess if the mean difference between the methods varied across the range of CI levels. The model included a random effect for clustering by hospital, an identity link function, and the outcome was fit as a smooth function of the predictor.
In survival analyses, time 0 was defined as the date of the RHC. Separate models were run for observations censored at 90 days or 1 year of follow-up to assess the association between CI and mortality. We repeated each analysis with multivariable adjustment for (1) age, sex and race alone or (2) these variables plus BMI, diabetes mellitus, hypertension, COPD, CKD, cirrhosis, tobacco use, and a diagnosis of atrial © 2017 American Medical Association. All rights reserved.
fibrillation or flutter. The assumption of proportional hazards was assessed and no substantive proportional hazards violation was observed for any of the variables included in the models.
Vanderbilt Cohort Population
This study was approved by the Vanderbilt University Institutional Review Board (IRB #140544) and a waiver of the requirement for written informed consent was granted.
Data for the Vanderbilt cohort were extracted from Vanderbilt's Synthetic Derivative database, a de-identified version of Vanderbilt's electronic medical record. Data in the Synthetic Derivative dates from 1995 to present and contained over 2.1 million unique individual records at the time of extraction for this study.
Hemodynamic Data and Group Definitions
Data extraction and cleaning methods for the Vanderbilt cohort have been described previously. 1, 2 We extracted hemodynamic data for all patients who underwent RHC between 1998 (when digital reports began to appear in the medical records) and 2014.
For this study, in cases where subjects underwent multiple catheterizations or provocative testing, we only analyzed data for resting measurements from the initial catheterization.
Inpatients and outpatients were included in this study, but patients with profound hemodynamic instability (bradycardia, tachycardia, hypertension, hypotension, or shock)
were excluded. Records with missing or non-physiologic data for eFick or Td cardiac output values suggestive of entry error were excluded. Demographic and anthropometric data
